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GROUND REFLECTION OF JET NOISE'

By Warrox L. Howgs

SUMMARY

The effect of a reflecting plane on the propagation
of jet noise was investigated theoretically and oxperi-
mentally.  The study is directed partieularly toward
determining the free-field spectrum of subsonic-jet
noise from measurements made in the presence of a
ground plane.

Characteristics of the decay of jet noise in the free
Sield are discussed, and erude estimates of the free-
Sield spectrum of jet noise are made from available
experimental data.  The theory of far-field noise
decay in the presence of specular ground reflections is
erpanded. By using the decay theory and spectrum
estimates, decay characteristies at constant height
abore a reflecting plane are computed for various
values of ground impedance and receiver band-pass
wulth.  The effects on decay of spectrum shape and
nonideal filtering are studied,

In addition to the decay characteristies noted by
Franken, it is shown that the decay of jet noise is
practically independent of the spectrum shape, so
that the decay can be represented by the decay of a
white  spectrum.  Nonideal filtering may have a
slight effect on measured decay curves.  The excess
decay resulting from the longer path length of the
reflected noise over that of the noise received divectly
Jrom the source has a negligible effect on the decay
curre.

By considering the characteristics of the theoretical
decay curves, an empirical procedure for correcting
measured spectra to obtain corresponding free-field
spectra vs developed and tested.

Jet-noise measurements alony a radius in a plane
10 feet abore a grassy surface indicated that reflection
effects were experimentally significant and could be
evaluated quantitatively. Spectra corrected accord-
ing to the proposed procedure satisfied the theoretical
prediction that the free-field spectrum shape be inde-
pendent of the distance from the source when meas-
ured in the far field. Other characteristies of the

U8upersedes NACA Technical Note 4260 by Walton L, Howes, 1958,

spectra and decay curces were found to be in agree-
nent with theory, at least qualbitatively.  The onset
of the acoustic far field was found to occur at a dis-
tance of 10 warelengths from the sowrce at an azimuth
of 30° or 330° awith vespect to the jet aris.

INTRODUCTION

The study of jet noise and methods for sup-
pressing noise produced by various jet-propulsion
devices requires that the noise fields be measured.
Measurements of the noise in operational situa-
tions, as from fly-bys of jet aircraft, are useful
for noise-nuisance studies but are not VOry use-
ful for studying the relation between jet flow
and jet noise.  For stwdies of the latter type,
stricter control of experimental conditions s
required.

In relating the noise to the flow, the free-space,
or free-field, speetrum of jet noise is ultimately
the quantity of interest.  In tests made outdoors,
repeatable noise measurements can be performed
by using stationary jet nozzles in a relatively
quicscent isothermal atmosphere.  However, the
immediate presence of ground introduces a dis-
turbing factor which prevents direct determina-
tion of the free-space noise field (ref. 1). Re-
flection of noise from the ground can be associated
with apparent noise sources of appreciable strength.
These sources are images of the jet-noise sources.
At an acoustic receiver the reflected noise is co-
herent, or correlated, with the noise received
direetly from the jet so that interference between
the direct and reflected noise occurs.

The present investigation resulted from an
attempt to explain certain unexpected anomalies
which appeared in jet-noise data reported in
reference 2. These anomalies consisted of un-
expected peaks and valleys in otherwise smooth
speetra and were presumably eaused by reflee-
tions.
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ANALYSIS

The following analysis is concerned with the
problem of measuring noise when the source and
receiver are located above a reflecting plane.  The
noise spectrum is assumed to be continuous, and
the receiver band-pass width is selected arbitrarily.
Relations will be established between the free-
field noise spectrum (reflecting plane absent) and
the corresponding spectrum obtained with the
reflecting surface present.  The spectra of primary
interest herein are:

(1) Mean-square-pressure spo(-lrum,m

(2) Sound-pressure-level speetrum,

SPL(fuf) =10 log [PP(7.00/0]

where p is acoustic pressure, [ is {frequency,
f. and f, are lower and upper cutoff frequencies,
respectively, associated with an  acoustic re-
ceiver, and p. is a reference pressure (2107
dynesfem?).  The horizontal bar denotes a time
average. (All symbols are defined in appendix A.)

The cutoff frequencies f, and f, imply a sharp
cutoff of the receiver pass band in the filtering
process, an ideal, but unattainable, condition.
However, in the present report ideal filtering
generally will be assumed.

FREE FIELD

Before the effects of ground reflections are con-
sidered, the free-field conditions will be defined.
The free field consists of a (uiescent isothermal
atmosphere free from reflecting surfaces and
atmospheric attenuation.  Also, in the subsequent
analysis, it will be assumed that:

(1) The noise source is statistically stationary;
that is, the statistical properties of the noise are
unchanged when measured at different times.

(2) The measurements are performed in the
acoustic far field, namely, at a distance from the
source which is large compared to the acoustic
wavelength.

Because a jet is presumed to contain a multitude
of multipole noise sources (refs. 3 and 4), which
collectively comprise an extended source, it will
also be assumed that

(3) The measurements are performed at a
distance from the source, which is large compared
with the size of the extended source.

For the preceding conditions the decay of
acoustic pressure as a function of distance from

the noise source obeys the well-known inverse-
square law of decay; namely,

p*(f)ect/r® (1)

Thus, in the far field the shapes of the noise
spectra at points along a radius with its origin
at the noise source are independent of the distance
from the source. This is in contrast to the situa-
tion in the near field, that is, at distances from
the source which are not large compared to the
acoustic wavelength. In the near field the spec-
trum shape is dependent on the distance from the
source: because the decay rate is frequency-
dependent. For example, in a subsonic jet the
predominant sources are presumed to be quad-
rupoles (refs. 3 and 4). For a single quadrupole
sourc: the root-mean-square pressure at a distance
r from the source can be shown to have the form

Ve =aO(2+ it ) 2)
where ¢(f) relates essentially 1o the source strength,
and the ¢’'s are essentially directional functions.
Equation (2) illustrates the inverse-square decay
law for the far field and the frequency depend-
ence of the decay rate in the near field.

FREE-FIELD SPECTRUM

The noise spectrum with reflections is a function
of the free-field spectrum. Therefore, in order to
prediet the effect of reflections, the free-field
spectrum must first be estimated.

The jet-engine-noise spectra presented in figures
13(a) to (d) of reference 5 and replotted herein in
figure 1 approximate free-field spectra in that the
direc. acoustic path length from the source to the
receiver was considerably less than (<{1/3) the
reflection path via the ground. However, these
speetra are near-field spectra obtained very close
to the engine exhaust.

Acrording to equation (2), the far-field spectrum
{p*(F 1]# resulting from a single quadrupole source
is related to the near-field spectrum [p2(f)]y by

FL=(2) e w

which indicates that, compared with the near-field
spectrum, the far-field spectrum is weighted
heavily toward higher frequencies. In reality,
the weighting would be damped significantly at
high frequencies by atmospheric attenuation
(ref. 6).
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Fraure 1.—Dimensionless 14-octave sound-pressure-level spectra along jet-engine-exhanst boundary (ref. 5).

Although the engine-noise spectra, as well as
the air-jet data, which are presented in the section
EXPERIMENT, were obtained for nozzle pres-
sure ratios slightly greater than for choking, it is
believed that deformation of the spectrum at these
pressure ratios by discrete acoustic frequencies
caused by shocks is small or negligible (refs. 7
and 5).

In general, in the free field the near- and far-
field spectra shapes should not differ greatly,
although the noise levels and the frequency of the
spectra  peaks may differ considerably.  The
engine-noise spectra possess a shape similar to
those for subsonic-jet noise in a reverberant
chamber (ref. 8) and the theoretical noise intensity
from isotropic turbulence (ref. 9). Thus, the
shapes of the spectra in figure 1 will be regarded
as representative of the shapes of free-field spectra
of jet noise for constant-percentage band width.

The sound-pressure-level spectra are plotted in
figure 1 as a function of a dimensionless frequency
ratio m*=m/u. where g is the frequency of the

peak of the corresponding spectral density curve

((mean-square pressure)/eps).

The

spectra  in

figure 1 are replotted in figure 2 in the form of a
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Fravre 2. —Dimensionless relative mean-square-acoustie-
pressure speetra along jet-engine-exhaust boundary.



4 TECHNICAL REPORT R—35—NATIONAL AERONAUIICS AND SPACE ADMINISTRATION

spectral density ratio [p*(f)l/[p*(f*=1)] as a
function of the frequencey ratio f* by using the
relations

Iz0)

N lSI)ll(fa‘f)
]):z‘ o= zlntll()g [_,I I

g —log J}.—.ﬂ.)]

() P

Pe P

pun

]—’z(‘?: 1)

where p, is the veference pressure (21071 dyne-
sec/em?) and P?(@) is the maximum speetral
density.  In the speetral density form the spee-
trum formulations are directly applicable in the
subsequent analysis.

Simple dimensionless closed expressions, which
resemble the experimental density spectra, include
the Gaussian expression

P

e = (4)

PH*=1)

u?
Iz

where

and the expression
) R .
WT]) J (:))
The dimensionless density spectra defined by
equations (4) and (5) are included in figure 2 for
comparison with experimental results.  Equations
for the corresponding SPL spectra for arbitrary
band width are derived in appendix B. The
resulting SP°L spectra for Y%-octave band widths
are shown in figure 1 for comparison with the
experimental data.  Although these spectra fit
the experimental data rather poorly, they will
nevertheless prove useful in determining the effect
of a change of spectrum shape on deeay charae-
teristics,

GROUND REFLECTION (THEORETICAL ANALYSIS)

If a reflecting plane such as ground is introduced,
the original  free-field noise  distribution, and
therefore the recorded noise specetra, will be modi-
fied by interference between direet and reflected
noise.  The decay of noise as a function of dis-
tance has previously been analyzed theoretically
in reference 1. This analysis is restricted to the

cases of a band-limited white spectrum or a pure-
tone receiver (arbitrary spectrum).

Consequently, in the following analysis decay
curves are computed for a few spectrum functions
in addition to the band-limited white spectrum
in order to find the significance of speetrum shape
with respect to deeay fluctuations.  The spectrum
shapes and constants have been selected to con-
form to the estimates presented in the section
Free-Field Spectrum.  The effect of nonideal
filtering of the received signal is studied.

Consider a jet-noise source and acoustic receiver
located above a ground plane (fig. 3). Surface

Receiver

Source §

) -
PO
|

V-
Apparer fl/
Source

Froum 3.—Geometry of noise field in presence of plane
reflector,

irreguiarities will be regarded as small compared
with the acoustic wavelength so that the reflection
is specular.  The initial assumptions will be the
same s those listed in the seetion Free Field.

Firs:, the case of an arbitrary spectrum and a
pure-tone (f,) receiver will be considered. The
procecure in reference 1 is adopted.

Let P represent the resultant pressure at the
receiver and p represent the direet or reflected
component pressures; let ) represent the imped-
ance of the reflecting plane. The mean-square
pressu e at the receiver is given by

2(f)=p(f,)

when the reflector is absent, and

P2 fn)=p(f)+Q(f)p f;m)]?
=p*(f)+ Q) p*(fo; 1)+ 29 fo57)
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when the reflector 1s present; ¢ is the autocovari-
ance given by

Vi) =Q(f)p(fpf,;r)
=R L) QIS Pt (1)

A is the autocorrelation coefficient.  The
pressures p(f,) and Q(f,)p(f.;7) are received simul-
tancously. The pressure p(f,) arrives directly
from the source, whereas p(f,:7) is emitted 7 see-
b P

onds carlier than p(f,) and arrives at the receiver
via the longer reflected path.

L4 A} . "

I'he ratio of the mean-square pressure with re-
flection to the free-field mean-square pressure is

where

P(f,n) PERTS
R{fir) === =14+Q*f,) -
Yz (f) e / (fo)
F2Q(f,) [lﬂfﬁo:n ]' W(foiT)
LTS A Vo) FT e

In the far field, by virtue of the inverse-square law
of decay,

Pl PP (f)=(rfre)? (8)
where rg s the acoustic path length via the reflector

(fig. 3). Therefore, substituting from equations
(7) and (8) into the equation for R(f,;7) gives

R(f;m) =14 (rfrel* () 2(r/r ) Q) A (f;7) (9)

for a purc-tone receiver.
By considering figure 3,

St (B
(rn) (TR (10)
and
& 1_1_) (11)
a re

If, now, the pure-tone receiver is replaced by a
receiver hmmg a finite band pass fu- fo—Ffa, the
terms p%(f) and product terms Q2(£)p*(f:7) must be
integrated separately with respeet to f throughout
the interval f,.f,. Integration of the Qz;)—2 terms
becomes exceedingly difficult for all except the
simplest spectra.  However, to illustrate the gen-
eral result, lot

- *f —_—
QT — j "GN TdS
f(l

Then, the band-pass equivalent of equation (9)
becomes

, L*(fa, fo;7)
L
o fo’ T) 1)2(,frnfb)

(2 favayT)
—H—P
P (fa1>)

S

(12)

If the band-pass width is unlimited,

1) QvT)] /( 7) 19&)

Riry=1 42T Q”

In addition to being defined for arbitrary band
width by

favfb)p(fmfbyT) (1’;)
vp o) PP Gadoir)

/?(fmfh

A (fufn;7) 15 also the Fourier transform of the
spectrum; that is, from reference 10,

1

"y
)./(f mifr (”‘ (14‘
fu fb 1 ! )p )

/(f,,,fbﬂ')* /c’

For an assumed spectrum p%(f), the correlation
cocfficient :# may be computed from equation (14)
(ref. 11). If the functional dependence of @ is
assumed, the acoustic pressure ratio £ may be
computed in certain instances from equation (12)
by utilizing equations (10) and (11). Decay
curves can be determined as a function of the
horizontal separation » of the source and receiver
by performing the preceding computations and
then including the additional effect of inverse-
square-law deeay utilizing the relation

SPL=10 1og§_, (15)

Solutions for the autocorrelation coefficient ;7 for
various spectra and receiver band widths are
derived in appendix C. The associated formulas
for the acoustic pressure ratio R are as follows:
(1) Pure-tone receiver:

(a) Perfeet reflector, arbitrary spectrum:

R({f,;m)=14+(rjrg)?+2(rirg) cos 2af;r  (16)
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(b) Imperfect reflector, arbitrary spectrum:

I{(fu: T) =1 + (r/rR)2Q‘2(fo) —*—2(7‘/7’;;) Q(fo) cos 27"]‘0(7'1")
{

(2) Gaussian spectrum:
(a) Unlimited band width, perfect reflector:

R =14 (r/re)?+2(r/re)e " cos a (18)

(h) Limited band width, perfect reflector:

R(pufin=1+(5)

ol ,[,_,z 1o 07 (ty—iy) —erf ('ua—iv)]
+2 ,_R.f, €« erf u,—erf u, (19)
(3) f*e'~" Spectrum:
(a) Unlimited band width, perfect reflector:
, ry r l1—a®
(LY 4ol 2
Ro=1+(E) 425 T 20

(b) Limited band width, perfect reflector:
R(fu,forr) =14 (r/re)*+2(r/rp)[(1+a®)* (2,0 ok
—za¢ T (1 —a?) (24 770% COS yp,— 246 T2/ cO8 Yy,
+ gt T s Yy —Ye e sin ) — 2alze v siny,
— g™ Mgl Y, — Yo TIE COS Yyt ye e cos y,)]
(21)
(4) White spectrum:
(1) Unlimited band width, perfect reflector:
R(r)=1+(r/rg)? (22)
(b) Limited band width, perfect reflector:

)= Y o [sinlr(fi—fa)7]
N O R R e

cos {w(fb+fa)r]} (23)
R(fufo;0)=4

(¢) Limited band width, arbitrary ground im-
pedance eonstant within band:

R(fofsi 1) =14+@(fufy) (f;)

+2QUfufy £ AL o (hit £r)

(24)

where, for plane waves (ref. 12),

h+ H
&

Q(fa)fb,) = h ;{“vINI

B8

. +8
(d) Nonideal filter (Gaussian transfer function),
perfect reflector:

R(r)=1+4(rjrp)?+2(rfrr)e=""" cosa’  (25)
DECAY CHARACTERISTICS

Tn reference 1 space fluctuations of mean-square
pressure as a function of receiver distance and at
fixed height above the plane were predicted.  De-
creasing the filter mean frequency or band width
or the height of the source or receiver was shown
to intensify the fluctuations. Varyving the plane
impedance shifted the locations of the fluctuation
maximums and minimums.

Additional characteristics of acoustic decay as
a function of the source-receiver separation at a
constant height above the reflecting plane are
indicated by the preceding specifie solutions for
the acoustic mean-square-pressure ratio R. The
usual limiting cases

R(f,;7)»2+2 cos 2nf,r
as f—1,—0 and
Rt

(pure-tone receiver)

(infinite source-receiver separation)

as 7 0 (except possibly for a white unlimited
spectrum) result if the reflector is perfect and &,
H<r. As r—o the freefield decay rate
(inverse-square law) is approached. The average
value of I increases as z is inereased. "This 1s not
unexpreted because 2+ >1 near the source, whereas
R—4 as r— <. Superimposed on the average in-
crease of £2 with increasing « is a fluctuation that
results from interference of the direct and reflected
noise.

Effest of reflected noise on average decay rate.—
The eondition -0 corresponds to the situation
where z—> . If a less stringent height-distance
relation is imposed, then from second-order ap-
proximations of equations (10) and (11)

rirg=1—2hIl/s?)
r=2hH/(ar)

so that

B~[2—(4hH1/e)|(1 +.4#)
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The presence of the term —4hH /2?2 indicates that
the reflecting plane causes the average decay rate
to be somewhat less than the free-field decay rate
(inverse-square law). The exact effect. of ‘this
modified decay law, which results from the excess
acoustical path length of the reflected noise, is
shown in figure 4 for a pure-tone receiver and per-
fect reflector. The effect is most apparent at the
maximums of the decay fluctuations but is
negligible at all values of 2.

Decay of fluctuation maximums.—Knowledge of
the decay of the fluctuation maximums will prove
useful in correcting measured spectra for ground

reflections.  The extreme values of the decay
fluctuations oceur where
7 n maximums when n=0,1,2, .
T= .. ) .
? minmimums when n=1/2, 3/2, 5/2,
for a pure-tone receiver and perfect reflector. The

maximum associated with n=0 corresponds to the
condition r=0. Geometrically, r=2hIT/(ax), so
that the locations of the interference extremes
occur at discrete values r, given by

2, ~2hlf,/(na)

VA

[\

Pure-tone receiver (eq. (16) ),

r/rg =
————— Pure-tone receiver including
/ Y excess decay of reflected
\ / \ noise (eq. (16})
5 / \
° !
E‘ \
ke
s \
5
210
L
a
2
n
\\
|/ ™
20 40 60 80 100 200 400 600 800 1000
Oistance, x, ft

Frourk 4.—Effect of excess decay of reflected noise.

Pure-tone receiver; perfeet reflector; aceeptance frequency, 500

eycles per second; source and reeciver heights above plane, 10 feet; speed of sound, 1140 feet per second.

513543 —60—--2
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where n=0 corresponds to z—> . The preceding
approximation for x, is satisfactory only for small
values of 2. For small # the decay of the fluctua-
tion maximums essentially obeys the inverse-
square law (cf., fig. 4). Therefore, the maximums
fall roughly along a straight line if the decay curve
is plotted on a log-log scale, for instance, SPL as
a function of log x. The result is similar if the
reflecting plane has arbitrary impedance (fig. 5).

Loci of fluctuation maximums and minimums.—
It is noteworthy that the loci of maximums and
minimums are functions of the ground impedance
(fig. 3). Seemingly, the determination of these
loci could serve as a practical method for deter-

TECHNICAL REPORT R—35- “NATIONAL AERONAUTIJS AND SPACE ADMINISTRATION

mining ground impedance at a particular fre-
quency  Unfortunately, the loci also are functions
of the -eceiver band width as shown in figure 6,
which llustrates decay curves for the spectrum
f*e'=/*.  An excessive number of calculations 18
therefore required in order to locate maximums
and minimums for the general case of arbitrary
ground impedance and band width,

In addition to the band-width effect, the fre-
quency influences the possibility of locating
maximums and minimums. With increasing fre-
quency the spacing between maximums and
minimims is compressed. For high frequencies
this spacing may casily be of the same order of

NS
N\
N \\/ \ Acoustic
N admittance
\.ﬁ ratio, T
\\ \ ’:\ s — o, 1]
VAR S N o
\V4 \ —_———— 100 T
\ \\\‘ b‘
2 \ Nog” \‘:
H ‘\\ AY\ SNOON
: V7NN
% — 10 ‘|\~ \\ \
5 / \ AN
\ j / \ \\\
VA NDS
/ AN
\ j LY ™
| | AN
20 40 60 80 100 200 490 600 800 1000
Distance, «x, ft

Figure 5.—Effect of varying ground impedance on decay.

)

Pure-tcne receiver (eq. (17)); acceptance frequency, 500

eyeles per second; source and receiver heights above plane, 10 feet; speed of sound, 1140 feet per second.
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magnitude as the spacewise resolution of measure-
ments.

Spectrum shape.-—The deeay curve obtained
using a pure-tone receiver is, of course, inde-
pendent of the noise spectrum. However, the
corresponding  result to be expected using a
band-pass receiver is not obvious. Thus, the two
assumed representations of the jet-noise spectrum
(eqs. (4) and (5)) have been applied to determine
the effect of spectrum shape on decay for finite
and infinite pass bands. The resulting decay
curves are shown in figures 7 and 8. In addition,
the simpler white spectrum vesult is also shown.
Finally, including the free-field decay eurve illus-

trates the over-all acoustic pressure rise vesulting
from the influence of the ground.

The decay curves for an infinite pass band are
shown in figure 7. The disagreement between
the three curves is evervwhere less than 2.5
decibels.  Decay curves for three %-octave bands
are presented in figure 8. The spectrum-peak
frequency was adopted as the midfrequency of
one band.  Bands having midfrequencies less than
and greater than the peak frequency constitute
the other two cases. The Y%-octave pass-band
decay curves differ everywhere by less than 1
decibel, except for the Gaussian curve for the
highest frequency band (midfrequency, 1250 ¢ps)

\/\

s

-~

\ N

Receiver bond width

IS

Pure tone (eq.(16))
~——— 173 Octave
~———— 1 0ctave leg.(21)) i

NN

—-—— Unlimited {eq (20))

o

N
\
2 Y, 3~
NN
i NN
RN
L\ "*t\\
\\ S NN
\‘\\ | \\\}
A
20 40 60 80 100 \ 200 400 600 800

1000

Distance, x, ft

T . . .
Ficure 6.—-Effect of receiver band width on deeay of f*et-/" speetrum.

Perfeet reflector; speetral-density-peak and

mean filter frequencies, 500 eyeles per second; souree and receiver heights above plane, 10 feet; speed of sound, 1140

feet per second.
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! 1T T T 11

Spectrum Spectrol- density-
< a peak frequency, T
.. "
N \ cps
AN : 4
\\ \ —— —— White {eq.(22)) -
- 0 (o= 424cps)
N \ Gou‘s_s;qn(eq.(ls)) 500 (o ps) | |
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Ficvre 7. Lffect of speetrum shape on decay for unlimited band pass. Perfect reflector; source and receiver heights

above plane, 10 feet; speed of sound, 1140 feet per second.

where the difference is as great as 5 decibels.
From the standpoint of jet-noise measurements
the preceding differences are generally insignificant
excepl possibly for high frequencies. The spec-
trum shape generally appears to have only a
minor effect on the decay curve.  Thus, the decay
curves for the white spectrum should adequately
represent the decay of jet noise.

Nonideal filtering.—From the preceding result
it might be deduced that, because spectrum shape
has only a minor influence on decay, nonideal
filtering, which amounts to changing the shape of
the filter curve, should also have little effect on
the deeay curve. However, the over-all band
width of a nonideal filter may differ considerably
from that of its ideal counterpart. Because band
width is a major factor in determining the decay
curve, the preceding deduction may be invalid.

Th- case of a white speetrum input to a non-
ideal filter having a Gaussian transfer character-
istic (eq. (25)) has been included in the list of
acous tic-pressure-ratio solutions. The Gaussian
trans’er function vields a decay curve correspond-
ing t» that for an unfiltered Gaussian spectrum.
However, with nonideal filtering the decay con-
stants are determined by the filter, whereas in the
unfiltered case the constants are determined by
the spectrum. The values of these constants
affect the decay curve.

The decay of a white spectrum obtained with
ideal filtering is compared in figure 9 with that
which would result from nonideal filtering. A
Gaussian transfer function was assumed in the
latter case. The total power transferred by the
two filters was assumed equal, so that

(m>>p)

fb_fa = \““;P
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could be used to compute p and thus to determine
the appropriate transfer function.

The curves in figure 9 show that the filter
transfer function may have a slight influence on
the measured decay curve. Nonideal filtering
tends to dampen the decay fluctuations.

The Gaussian transfer function is not truly
representative of the transfer function for a real
filter. For a real filter the pass-band limits are
finite.  Moreover, for a real Y¥-octave filter the
transfer function is more nearly a Gaussian func-
tion of log f, rather than f. Therefore, the differ-
ence of the decay curves in figure 9 is probably
extreme.

REFLECTION CORRECTION

Before attempting to develop a correction pro-

cedure for data obtained in the presence of a

reflecting plane, methods of climinating the prob-
lem should be considered.

The most obvious method for ameliorating the
reflection effects consists of maximizing the source
and receiver heights and the analyzer band width.
Maximizing the source and receiver heights in-
volves approximating free-field conditions. Prac-
tical limitations are likely to restrict this possi-
bility.  Maximizing the analyzer band width is
undesirable when details of the spectrum are of
interest. Possibly the most desirable solution is
to seleet a perfect reflecting surface.  Appropriate
values of R, henee the proper corrections, should
then be quantitatively predietable from the theory.
Experimental evidence is, of course, required to
confirm this possibility.
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In the following empirical method for deter-
mining the free-ficld noise spectrum, the initial
conditions are assumed to be the same as for the
preceding theoretical analysis.  In addition, the
ground impedance is assumed to be independent
of frequencey and angle of incidence.  In the pro-
posed procedure the first three steps essentially
provide correction for the space fluctuations of
SPL resulting from interference between the direet
and reflected noise. The final steps provide an
over-all combined correction for the effect of

groun | impedance and the ratio of the peak SPL
to the free-field SPL.

The suggested procedure for determining the
free-fi ld speetrum associated with a point in the
horizantal plane containing the center of the noise
source is as follows:

(1) From measured SPL speetra (fig. 10(a)),
obtait ed at several points along a radius through
the conter of the noise source, plot the measured
SPL values for each frequencey band as a function
of log x (fig. 10(b)).
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(2) On cach graph construct a line tangent to
the predominant SP2L peaks (fig. 10(b)). Deter-
mine a reflection correction associated with the
distance », at which the free-ficld spectrum is
desired.  This correction 1s determined for ecach
frequeney band and consists of the SPPL indieated
by the tangent line at the abseissa value x, minus
the SPL indicated by the measured decay curve
at the same abscissa value (fig. 10(b)).

(3) Add the appropriate correction to the meas-
ured SPL for cach frequency band.  The resulting

. tributions in each frequency band.

corrected spectrum (fig, 10(c)) possesses the shape
but not the correet over-all level of the free-field
speetrum.

(4) Note the measured over-all 8777 associated
with the distance x,, or compute it from the
measured speetrum by adding the power con-
Similarly,
compute the over-all SPL corresponding to the
corrected spectrum obtained from step (3).

(5) Compute the difference (corrected over-all
SPL minus measured over-all SPL), add 1.5
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decibels, and subtract this total from the corrected
over-all SP°L and from the corrected spectrum.
The results obtained correspond to the free-field
over-all SPPL and the SPL spectrum.

At the end of step (3) the theoretical maximum
error resulting from the assumption that the
ground mmpedance is independent of frequency is
approximately  £3  decibels for a pure-tone
receiver. This value was estimated by taking the
level differences of the tangent lines connecting
the decay peaks in figure 5 for the various values
of 3. Fora band-pass receiver the maximum error
would be less.  Moreover, if the true variation
of impedance as a function of frequency is con-
tinuous, the resulting effect on the corrected

spectrun would only amount to a slight distortion
of the spectrum shape.

The measured over-all SPL above a perfect
reflector is, on the average, approximately 3
decibels higher than the corresponding free-field
value (fig. 7). For a surface having arbitrary
impedance the difference will be less.  For a
perfect absorber the difference would be zero. In
step (5 a difference of 1.5 decibels is adopted as
a reasor able value for a surface having an arbitrary
unknown impedance value. The maximum error
of the computed free-field spectrum resulting from
step (5 would generally be +£1.5 decibels.

The proposed procedure requires a considerable
number of additional noise measurements but does
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not necessitate direet impedance measurements.
A single set of data for a given facility is likely

to be applicable for all subsequent tests.

The proposed procedure is particularly suited
to magnetic-tape recording of data and continuous
motion of the microphone whereby continuous de-
cay curves (fig. 10(h)) for all frequencies may be
obtained from one microphone traverse.

In the rest of the report, the proposed procedure
is tested using experimental data.

EXPERIMENT

APPARATUS AND PROCEDURE

The noise source consisted of an unheated-air
jet issuing from a circular, 4-inch-diameter, con-
vergent nozzle, The jet axis was alined horizon-
tally 10 feet above the ground plane, which was
a mowed grassy surface. A schematic diagram
and photograph of the facility are shown in figure
11, The nearest large reflecting surfaces, other
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Fraure 11, -Air-jet faeility.

than the ground, were the walls of two buildings;
oue about 125 feet upstream, the other approxi-
mately 250 feet downstream of the nozzle exit.
Reflections from these surfaces were disregarded.
The buildings tended to shield the facility from
steady winds.

The nozzle pressure ratio was restricted to the
constant value 1.99 with variations, resulting
mainly from variations of atmospheric conditions,
loss than 0.01.  The nozzle temperature ratio was
1.02. If the results presented in reference 5 are

considered, the noise source could be regarded as
essentinlly eylindrical, approximately 4 inches in
diamet-r and 3% feet long.

Over-all sound-pressure levels were detected
with a condenser microphone and were recorded
by means of a Y-octave-band audiofrequency
spectrometer-recorder.  All - sound levels  were
within the range of linear microphone response.
The useful frequency range of the entire system
was 35 to 15,000 eveles per second. The micro-
phone response was flat within | deeibel up to
8,000 ¢veles per second.

A series of decay measurements was performed
at cons tant microphone height (10 ft) and azimuth
(30° and 330° with respect to the jet axis) with
variable radial distance.  The radial distance was
varied in 5-foot increments, and the noise spectrum
was recorded at each position. A diagram of the
configuration is shown in figure 12, The micro-

35 Ft (ref.5)

k.

~--Jet nozzle
Microphone

: r
330° '
.7 ‘ ~
30 H=10ft ~

“h=10ft - 5Ft- . .

Frours 12, ~lixperimental geometry.

phone was mounted on a pole and pointed upward.

Tes's were restricted to days when the wind
veloei'y was minimum. In order to account for
possible effects of gross atmospherice changes, wind
veloeiy and ambient  temperature data  were
obtaired from the United States Weather Burcau
station nearby.  The values of other atmospherie
quant ties affecting noise propagation were not

o

deterrined.
RESULTS

The experimental tests were intended to answer
three (uestions:

(1) Are the ground reflection effects  experi-
mentolly significant?

(2) Can the reflection effects be disassociated
from atmospheric disturbance effects?

(3) Can the reflection ecffects be
quantitatively?

Typical experimental decay data are shown in
figures 13 and 14.  The decay of over-all sound-
pressure level as a function of distance from the

evaluated
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jet nozzle exit is shown in figure 13, From the
scatter of these data it is concluded that the
repeatability of the acoustic instrumentation was
probably within =1 decibel. Representative
decay curves for Y-octave band widths are pre-
sented in figure 14, The data for run 65 were
weighted most heavily in constructing the decay
curves because of the completeness and the uni-
formity of these data and because of the relatively
good weather conditions which prevailed during
the run.

Obtaining acoustic data over the complete range
of available distances necessitated measurements
on several different days. The wind direction
varied for each run. One set of data (run 64),
obtained on a relatively windy day, was measured
on the opposite side of the jet from the bulk of the

data.  Thus, repeatability of the results could be
tested.  Simultancous eftfeets of wind and ground

roughness and impedance differences, if any, could
be observed.
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For the Y-octave results the predicted space
fluctuations characteristic of the reflection effect
are generally  evident.  Peak-to-valley  fluctua-
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tions wore as great as 10 deeibels, especially in the
interva  from 100 to 1000 cyeles per second.
Thus, the interference cffect is significant for
measurements in %-octave bands.  For all fre-
quency bands having midfrequencies greater than
2000 eveles per second the fluctuations were barely
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discernible.  The disappearance of fluctuations
for midfrequencies greater than 2000 cycles per
second probably results partially from the fact

that the wavelength (=6 in.) approaches the
order of magnitude of the ground roughness. The
refleetion  then becomes  diffuse, rather than
specular, so that the theory discussed in the seetion
Ground Reflection  (Theoretical Analysis) no
longer applies.  Secondly, atmospheric turbulence
likely obscures the closely spaced maximums and
minimums by virtue of scattering. Finally, for
midfrequencies of the order of 2000 cycles per
second and above, the separation of maximums
and minimums is of the same order of magnitude
as the separation of the measurement points.
Thus, the space resolution of the measurements is
insufficient to show the loci of maximums and
minimums.

In figure 14, the scatter of the data from test
run 64 was greater than that from the other tests.
However, the reflection effect is still readily
apparent. Moreover, the magnitude of the effect
is similar to that from the other tests, so that the
following conclusions can be drawn:

(1) The wind speed (<12 mph) was not great
enough to obscure the reflection effect.

(2) The effect of ground roughness and imped-
ance differences on opposite sides of the jet was
generally insignificant.  Therefore, the space flue-
tuations of sound-pressure level could be evaluated
quantitatively.

GENERAL RESULTS AND DISCUSSION

The experimental decay rate of over-all SI°L
(fig. 13) was 20 decibels per distance decade, as
predicted by theory, at distances greater than 20
feet from the nozzle exit.

As proposed in the spectrum correction pro-
cedure, the average rate of decay for cach ¥ octave
was approximated by constructing straight lines
tangent to the prominent sound-pressure-level
peaks.  The indicated average decay rates in
decibels per distance decade as a function of mid-
frequency are shown in figure 15. The actual
decay rates differ markedly from the theoretical
rate (inverse-square law) for midfrequencies less
than 630 cycles per second.  The increased decay
rate at the lower frequencies is to be expected if
these data are associated with the near field.
However, at the lowest frequencies the decay rate
is decreased. This effect might possibly result
from the fact that the source of low-frequency
noise is extended considerably and that the radius
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Fratrre 15.— Average sound-pressure-level decay rates in 4-octave bands.

is centered at the nozzle exit rather than at the
center of the extended source.

The problem is now to find at what distance
the far ficld is attained. The far field is defined
loosely as that region where the source-to-observer
distance is large compared to the acoustic wave-
length.  For a single noise source having an arbi-
trary order of complexity, the onset and continu-
ance of a deeay rate of 20 decibels per distance
decade (inverse-square law) indicate the beginning
of the acoustic far field. The preceding analysis
and tests show that the decay curves for narrow
band widths are not useful for determining the
onsct of the far field because of pronounced decay
fluctuations resulting from ground reflections.
However, the over-all sound-pressure-level decay
curve (fig. 13) is relatively free of oscillations
because of the extended band width which is
involved. For example, the curve in figure 13
attains a slope of 20 decibels per distance decade
at a distance approximately 20 feet from the
nozzle exit. The sound-pressure-level spectrum at

20 feet is shown in figure 16. The spectrum is
relative y symmetrical and peaks at approximately
630 cycies per second. Since pressures associated
with frcquencies near 630 cycles per second pro-
vide the predominant contribution to the over-all
sound-pressure level, it follows that for a frequency
of 630 ryeles per second the acoustic far field is
attainec at a distance of approximately 10 wave-
lengths (20 ft) from the source. (Measuring dis-
tances rom the nozzle, rather than the source,
has a negligible effect on this result.)

According to equation (2), the acoustic far field
is attained when

2 A
r> 922
oL@

thatis, when the first term of equation (2) becomes
large cempared with the other terms.  From the
preceding estimate the far field is attained when

»>const. £ A 10n (26)
@1 @
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at an azimuth of 30° or 330°. Thus, the distance
at which the far field 1s attained is directly propor-
tional to the acoustic wavelength X for a fixed
azimuth. From the preceding relation, the onset
of the far field can ecasily be estimated for any
frequency. Theresult, in graphical form, is shown
in figure 17.  Atmospheric attenuation effects do
not appear to be significant for the frequencies
and distances involved.

Experimentally obtained sound-pressure-level
spectra are shown in figure 18.  For each succes-
sive spectrum the distance z has been doubled.
In each spectrum there is at least one noticeable
depression, the frequency of which doubles for
each doubling of x. This effect appears to be a
reflection effect. These spectra, when corrected

for reflection according to the proposed procedure,
appear as shown in figure 19. As a result of
step (3) of the procedure for determining the free-
field spectrum (in the section Ground Reflection),
the maximum correction decreased from -10.5
decibels for 2=25 feet to +4 decibels for z=200
feet.

The corrected sound-pressure-level speetra have
been replotted in figure 20, but the spectra have
been readjusted to remove the effect of over-all
decay by superimposing the data for the mid-
frequency of 10,000 cycles per second.  For mid-
frequencies greater than 630 cycles per second
the spectra are nearly identical. This is expected
because the free-field spectrum shape should not
change in the far field. For midfrequencies less
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than 630 cycles per second the spectra differ,
becoming flatter as  is increased. The far-field
similarity of the corrected spectra indicates that
the decay fluctuations can be evaluated quan-
titatively with sufficient aceuracy to yield cor-
rected speetra  that are good representations
of true frec-field spectra.

The shift of the peaks of the corrected spectra
toward higher frequencies as z is increased (fig. 19)
may pessibly result from the effect discussed in
conneciion with equation (3).

An attempt to determine the ground impedance
spectrum by comparing experimental loei of maxi-
mums and minimums with theoretical values
proved unsuccessful, as was expected from
theoretical considerations. However, it was noted
that the number of maximums and minimums
oceurring in a given interval of » was, at the lower
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Firavrr 18.—Experimentully determined sound-pressure-level spectra at various distances from source. Source and
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frequencies, in excess of the number predieted
b
from theorv. This effect has not been explained.

SUMMARY OF RESULTS

The following results were obtained from a
theoretical and experimental study of the influence
of a reflecting plane on the propagation of jet
noise:

Theoretical analysis: In addition to the effects
already noted by Franken, it was found that:

1. The decay of noise as a function of horizontal
distance from the source is only weakly dependent
upon the spectrum shape.

2. The decay as a function of distance of a
white spectrum is a practical representation of the
decay of jet noisge.

3. The filter transfer function of the acoustie
receiver may have a slight effect on measured
decay curves.

4. The loei of the maximums and minimums of
space fluctuations of decay are functions of the
receiver band width.

5. The excess acoustical path length of re-
flected noise over that of the direct noise produces
only a negligible reduction of the average decay
rate (inverse-square law).

Experimental tests: From experimental measure-
ments of the horizontal propagation of noise at
azimuths of 30° and 330° from a small air jet
located 10 feet above the ground plane, it was
found that:

1. The effect of ground refleetion on jet-noise
propagation was experimentally significant out-of-
doors.

2. The decay rate of the over-all sound-pressure
level as a function of distance from the source
obeved the inverse-square law (20 db/distance
decader beyond 20 feet from the source.

.

3. The onset of the acoustic far field occurred
at approximately 10 wavelengths from the source.

4. Space fluctuations of the noise decay were
measurable quantitatively. These fluctuations
were as large as 10 decibels from peak to valley
for %-octave-band-width measurements.

5. The decay fluctuations were obscured for Ji-
octave bands having midfrequencies greater than
2000 cveles per second.

6. Measured jet-noise speetra could be corrected
to vield corresponding free-field spectra. The
shapes of corrected spectra were found to be inde-
pendent of distance from the source in the far
field, ss predicted by theory.

7. T proceeding from the near field to the far
ficld the frequeney of the peak of the noise spee-
trum increased, in qualitative agreement  with
theory.

Lewls REsEarcH CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
CrevieLaxp, Ouio, January 15, 1958



APPENDIX A

SYMBOLS
a speed of sound He
frequency r
e lower cutoff frequency TR
I upper cutoft frequency
1 acceptance  frequeney of  pure-tone SP1
receiver T
J f'=f—un ¢
I frequency ratio, f/u U
7 receiver height above plane v
h source height above plane w
k constant mean-square-pressure spec- w,
tral density x
m geometric mean frequency of flter,
Vi o
m* frequency ratio, m/u
n a number y
P acoustic pressure at receiver =
P acoustic pressure, direct or reflected
component of acoustic pressure at a
receiver o
(N acoustic pressure spectrum, B
r
%’,f p(e 0t v
0 ,
7 2 N S Y
P*(farfs) P (fafs)= f P (Ndf, or A
Ja u
—_— 1 (T
P = | ot
0 p
Do refevence  pressure, 2> 107 dyne-
see/em? -
D, reference pressure, 2X107% dynefem?
p(. . 7))  acoustic pressure component at re- ,
ceiver via reflection path
0 ground impedance function, :Z
}{“‘”_B Subseripts:
~, 7 for plane waves (refs. a
h+H
*""x“—H? b
12 and 1)
R ratio of mean-square acoustie pressure F
al receiver with plane present to N
free-field  mean-square  acoustic 0
pressure at receiver Superseript:
w autocorrelation coefficient -

real part

distance from source to receiver

distance from source to receiver via
reflection path

sound-pressure level

time period

time

n=(f—w)o

e=(f—m)lp

electric power

reference electric power

horizontal distance from
receiver

steady-state power transfer function
of receiver

source to

y=2xfr

zzi+1
u

a=2wur

o' =2rmr

acoustic admittance ratio of plane
(refs. 12 and 1)

Yy=mwor

Y =7pr

acoustic wavelength

frequeney of maximum mean-square-
pressure spectral density

(+v2) (standard deviation of filter
response curve), cps

(v2) (standard deviation of mean-
square-pressure speetrum), eps

delay time

directional functions

autocovariance function

refers to value associated with lower
cutoff frequency

refers to value associated with upper
cutoff frequency

far field

near field

reference

time average



APPENDIX B

INDICATED SOUND-PRESSURE-LEVEL SPECTRA

In attempting to select an analytic expression
for the mean-square-pressure spectrum, which
best fits experimental data, it is desirable to ex-
press the selected spectrum in the same form as the
data. Usually this means that the SPL spectrum
for finite band-pass widths is desired.

If the acoustic transducer responds linearly to
fluctuating pressure amplitudes, the electric power
output of the receiver is given by

Iy —_—
W(fufy) = L YOO (Bl

in the pass band, where Y (f) is the steady-state
transfer function of the system. With ideal com-
ponents (Y=const.), the indicated SP’Lis given by

SI)L(fme) =10 log [’w(favfb)/wu]

b (o
—=10log P,ZJI p()PPdf

GAUSSIAN pF SPECTRUM

(B2)

In dimensional form the Gaussian function be-
comes

P =prwe
Then, according to equation (B1) the clectric

power output of the acoustic receiver with ideal
filtering (Y =const.) is given by

[ b ) .
W= 757 [ e d
jﬂ

(B3)

26

where, in general

) X34 .
erf U=— J e Wdu
0

\9‘1r

The over-all eleetric power output is
- —_—
w7 Y (1 erf g)

(un>a) (B3a)

=~ Y [*\ 7o p* (0
By virtue of equations (B2), (B3), and (B3a),

SPL(j, f») ~10 log (

w erf uy—erf ua>

o g
~SPL+10log (erf uy—erfu,)—3.0 (B4)
where SPL is the over-all sound-pressure level.
freis* SPECTRUM
For a spectrum f*e!~7*, and with ideal filtering,

w(fe, for =Y P*(w) 5 J‘,!hfrw df

=— |Yl2?(_p) ue [e_f"“‘ (‘%—H)

ol (%+1)] (B5)

so that

2
Spjz(fﬂ, f,,):10 log [52 (3“("]"@"“50(?"{"/")]

—SPL410 log (207" — zpe ~hiky o (B6)

where

w=|Y *uep‘(u)



APPENDIX C

AUTOCORRELATION COEFFICIENT

The autocorrclation cocfficients associated with
sclected spectra can be computed from

7 / 1 o NUTIFENRT ¥} ‘
%(fu,fn;r):%’f]"j——;(f;}; J/ pretmdf (14)

GAUSSIAN SPECTRUM

The dimensional form of the spectrum is

PN =p (we ™

Unlimited band-pass width.—The autocorrela-
tion coefficient is computed from

w©

— ) [
%(r):,%»f ])E(M)e"”(ez""’dffj P e df

=Ko —] J e~ et d f

VIO J o

where, from appendix B,

woc PP \rop*(u)
:ln(‘[‘
A
S =f—u

Then,

piriur

K(r)y=HRe-,: - e eI (| f

Ve J-o
for which the solution is obtained from Fourier
pair number 708.0 in reference 11. The result is

H(r)=e"" cos a (C1)

Limited band-pass width.—If the spectrum is
filtered ideally,

e
A Jorfo;7)=He J ") e
fa

1, -
p2(favfh)
where f, and f, are the lower and upper cutoft
frequencies, respectively. It follows that
6211’“7

: , 2
R (JorSo; 1) =He—

vral(erf wy—erf u,)

Tp—n
f b e_ﬂzla,?eg,rifl,df/

Ja—k

where p*(fo.fy) is extracted from equation (B3).
The solution obtaimed from Fourier pair number
1317 in reference 11 is

y ooyt i O (W—iy) —erf (u—1iv) .,
A Jasfoi) = Ao ¢ erfuy—erfu, €2

where the complex error functions can be com-

puted from series expansions.  The curves in fig-

ure 8 were computed from series expansions by

means of a digital computer.  Series remainders
were kept less than 0.01 decibel.
frei~r* SPECTRUM

Unlimited band-pass width.--The autocorrela-
tion cocfficient is computed from

U 1 'm,,_ . o i
H(y=He=| p i("*“”"'k“"’f’(lf
prJo M

1" )
=He-5| ferlmetmindf
MJo

1 (=, _
= J femstaf
Mo Jo
where, from appendix B,
Pr=pep*{p)
and
1 .
{=-—2mr
M
Performing the indicated integration and retain-
ing the real part result in

1—a?

(14 a?

Limited band-pass width.— -With ideal filtering

H(r)= (C3)

1
P Sr)

» ~1 :
=% 2 I:e—/,,/u <{9 +1)*‘3—f"m (% T 1)]

Ty o
27

’%(‘fa7¢fb;‘r):r%" Jffb I)Z(#) %: 61_ (f/u)(ﬂwilr df
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By performing the integration and retaining the
real part, the solution is

’%)(fmf;r):[ (14- )2 (zpe “hiw_ 5 € ! u)]

((1—a®) (206 4% cOs yp— 20 ™ cos g,

-f- Yt e sin Yo—Ynt Lk gin Ya)

—2a(zpe M sin yp— ze T siny,

— e T cox Ut Y cos )] (C4)
where
fa

fu
Ta ._7+l ~b"‘¥+l
u

Yor=2mfer pp=2mfer
WHITE SPECTRUM
A white spectrum is given by

2

Pfy=k= const.

Unlimited band passwidth.- -The autocorrelation

coeflicient is computed from

| —
P
0

7)‘ o/
where
i J kdf
(1]
Therefore,
Ar)=0 {r#0) (C5)

Limited band- pass width.

p— J ket df
I’ (fa-[b)

‘With ideal filtering,

favfbx

where
fu fh) ]\— ( fh ,‘11

Therefore,

AUadsir)= (; (sm 2 f,r—sin 2nf,7)
[
_\lll [Wf Ih f fu)TJ o8 [1r(f,,+'fa)7.] ((,‘Gﬂ‘)
T
(r 0
and
A Furfsi0)=1 (C6b)

Nonideal filtering.—By applying equation (B1),
a white speetrum subjected to a Gaussian filter
transfer funetion vields an output

“f

ket df =+/wkp
where
f—m
o
and m and p are filter, not spectrum, character-

isties.  The autocorrelation coeflicient 18 com-
puted fiom

A%’(T):.’A’@'J.m

~x

ke~ e it df Ik
SEY P

which, with the exception of the constants, Is
identical to the autocorrelation coeflicient for an
unfiltercd  Gaussian - spectrum.  Therefore,  the

solution is

Alr)=e" " cos o (7
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